T he north polar region of Mars is part of an immense sedimentary basin that records over 3 billion years of deposition and erosion of ice, dust, lava, and other lithic material of varying composition and includes the plateau of Planum Boreum, covering an area of~800,000 km 2 . Beneath a thin residual cap of bright, nearly pure water ice, the north polar layered deposits (as a single unit: NPLD) (1) make up the bulk of Planum Boreum and are probably the result of cyclical variations in the orbit and rotation of Mars that affected insolation at the poles and elsewhere. The layering results largely from different fractions of dust and ice (2, 3) , which affect the visible-wavelength albedo. In the last decade, high-resolution images have revealed a basal unit (BU) (4) beneath the NPLD. The BU is considerably different than the NPLD (5-7), principally in its lower albedo, but it also has thicker layers (8) . Images show that outcrops in the upper portions of the BU sometimes display a platy, interbedded sequence of ice-rich and sand-rich layers (9) .
Understanding the origin and evolution of both the NPLD and the BU will provide important information on the recent climate history of Mars. These deposits also act as loads on the underlying lithosphere, and the amount of downward deflection of the substrate constrains the thermal and rheological state of the present-day martian interior. The Shallow Radar (SHARAD) and Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) [see supporting online material (SOM) text] penetrate these deposits, providing a three-dimensional view of north polar stratigraphy and the deformation of its base. Here we present results from these radar sounders and discuss the genesis and evolution of these north polar units, the relation of these deposits to climate signals, and the geodynamical state of the interior.
Radar stratigraphy. Figure 1 shows a radargram of a SHARAD traverse (orbit 5192) across Planum Boreum, from the outlying plateau of Olympia Planum near 140°E to the minor lobe of Planum Boreum, Gemina Lingula, near 5°E. Here, radar reflections arise from boundaries between layers differing in their fractions of ice, dust, and sand. The radar reflections in Planum Boreum are closely spaced to a depth of~500 m and then are more widely spaced at greater depths, though they are clustered into distinct packets of reflectors. The volume containing all of these reflectors corresponds to the NPLD, whereas the diffusely reflective zone below~2 km of depth (mostly absent under Gemina Lingula) corresponds to the BU. Orbit 5192 crosses a number of spiral troughs that are up to several hundred meters deep. The troughs interrupt the shallow radar reflectors, though the timing of layer deposition and trough formation is ambiguous (10) .
Mapping of BU exposures in chasmata on the periphery of Planum Boreum led to the hypothesis that the BU is absent beneath Gemina Lingula (5, 6) and that the NPLD here rests directly on the few-billion-year-old Vastitas Borealis Formation (VBF) of largely sedimentary origin; our examination of many SHARAD tracks across Planum Boreum confirms this hypothesis and shows that the BU is largely confined to the major lobe of Planum Boreum. Additionally, where the radarmapped BU unambiguously intersects the floor of Chasma Boreale, BU is observed in those locales in surface images. A radargram from SHARAD orbit 5220 ( Fig. 2) shows that in this locale the BU actually extends across Chasma Boreale, where it is exposed in the walls and forms a bench on the Gemina Lingula side before terminating abruptly. The BU increases to a thickness of~1000 m beneath the highest portions of Planum Boreum, whereas the NPLD has a roughly constant thickness, except near its boundaries. Thus, elevation variations across Planum Boreum are largely attributable to thickness variations in the BU, and it follows that depositional and erosional processes have been largely uniform across the cap since the bottommost layers of the NPLD were emplaced. This conclusion is corroborated by the observation that some of the stronger radar reflectors can be traced completely across the cap (Fig. 1 ), a distance of nearly 1000 km.
SHARAD signals locally penetrated the BU to reveal a substrate reflection (presumably the top of the VBF), but this reflection in many places is obscured by volume scattering of the radar waves within the BU (Fig. 1 ). The BU does show internal reflectors, as expected from limited surface exposures of this unit (8) . The substrate reflector can be traced~100 km beneath Olympia Planum in Fig. 1 , which implies that the material making up the bulk of Olympia Planum was deposited on a common substrate with the BU. The lowerfrequency MARSIS radar, which is able to penetrate more deeply and is apparently less sensitive to volume scattering, shows these relations more clearly (fig. S1). As projected in earlier work (6), the SHARAD results show that the maximum thickness of the BU beneath the NPLD is approximately the elevation of Olympia Planum above its lowland surroundings, suggesting a common link. However, the BU appears to terminate on the boundary of Planum Boreum, lacking continuity with Olympia Planum (Fig. 1 ). The substrate beneath the NPLD and the BU is remarkably flat, showing essentially no deflection from the mass load of the polar deposits. This lack of deflection was noted in an early MARSIS radar profile, but low range resolution provided only a crude bound on elastic lithosphere thickness (11) , whereas SHARAD data place tighter geodynamical constraints because of the instrument's superior range resolution.
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*To whom correspondence should be addressed. E-mail: roger@boulder.swri.edu the surface. Separated by interpacket regions of few reflections, there are four such layer packets of closely spaced reflections (also seen in Fig. 1 ), whose signal strength becomes weaker at depth, as expected ( fig. S2 ). Inspection of other radargrams confirms the persistence of four packet structures across the cap, with local variation due to heterogeneous erosion and deposition leading in places to missing packets or extra packets (for instance, Fig. 3 , bottom center). This packet/interpacket structure represents a second, larger scale of layering in addition to the finer-scale reflectors within the packets.
The observed dielectric transparency of the NPLD to radar waves in the frequency band for SHARAD ( Figs. 1 and 3 ) and also for MARSIS data (11) implies that the amount of dust in the total NPLD column must be small: Electrical loss is high in non-ice analog materials ( fig. S3 ) and in SHARAD non-ice targets on Mars. A low dust content is consistent with spectral mapping (12, 13) , which has shown that ice dominates the NPLD, and by analogy with a bulk density estimate of the south polar layered deposits (SPLD) (14) . Following a well-established approach (15), we found that the weakest reflectors detected by SHARAD could be ice layers as thin as 10 cm containing~10% dust or 1-m-thick layers containing only~2% dust. The strongest reflectors can be explained by a 2-m layer of ice containing~30% dust. We conclude that reflections from within the packets are caused by variations of small dust fractions contaminating an ice matrix, and that the relatively homogeneous interpacket regions are largely ice with a minimal dust component.
Climate implications. Three well-understood orbital and rotational periodicities affect insolation at Mars' poles (16): (i) an obliquity variation (120,000 years), (ii) a climatic precession (17) (51,000 years), and (iii) an eccentricity variation (95,000 to 99,000 years); the first has the largest influence on martian climate (18) . It has long been held that fine-scale layering observed in images of the NPLD is tied somehow to these climate forcings (2) . The fine-scale intrapacket reflections revealed by SHARAD may also be tied to one or more of these periodicities, but it is clear that the radar cannot resolve the finest scale of layering observed in images and that some of this layering is related to surficial processes alone (9) . The actual layering, whether observed in images or radargrams, cannot yet be uniquely tied to specific climate forcings, and the finest scale of layering could conceivably reflect individual, very intense dust storms. Because physical layers mapped by SHARAD are continuous laterally up to 1000 km, whatever mechanisms that were operating to create layering must have been homogeneous over that scale, and climate forcing is the leading candidate. The packets represent widespread processes that added and removed ice, added dust, and concentrated dust during times of ice sublimation because the mere presence of radar reflections of variable strength almost certainly requires the ice/dust ratio to vary with depth. Climate modeling suggests that the NPLD postdates the last transition from high to low mean obliquity (LMO)~5 million years ago (Ma), before which ice at the pole was unstable against complete loss by sublimation (19) . This conclusion is consistent with several results that correlate variations in depthdependent layer brightness with the time series of an insolation model (16, 20) , but it is not possible to establish this connection uniquely at present.
From the SHARAD constraints, the three regions between the packets with few radar reflections represent times of substantial ice deposited at the pole and/or little dust delivered to the pole. One simple model that yields the packet/interpacket structure is a variable dust supply over a background of overall ice growth during the last~5 million years (My). Dust storms may be more prevalent during high obliquity at solstice (21) , and this effect is probably enhanced at times of high eccentricity; conversely, at low obliquities and eccentricities, dust storm activity and intensity should diminish (22) . Packets could form during times of high obliquity (and eccentricity), and sublimation events during short-period excursions in These would be times of relatively high rates of ice return to the poles within an overall net-accretion scenario (19) . The low-obliquity scenario is perhaps more consistent with models of NPLD construction within the last 5 My (19), though growth rate and timing in such models depend on, among other things, assumptions regarding sublimation processes. If the NPLD somehow survived epochs of high obliquity, each interpacket region could then represent a distinct, earlier epoch of LMO that is not predictable, as obliquity solutions become chaotic beyond 10 to 20 Ma (23). A problem with this hypothesis is that it does not explain the structure at the top of the NPLD column, which should be an interpacket region during the present LMO era. Instead, this section of the NPLD contains abundant reflective layers, and no interpacket region is observed with SHARAD to within its 10 to 20 m range resolution near the surface. Stratigraphic relations and geologic unit ages inferred from crater densities allow the NPLD below the uppermost several layers to range in age from a few million years to~1 billion years (8) , which is not a strong constraint.
Deflection of the substrate-geodynamical implications. The deflection of the substrate boundary in Gemina Lingula, where the NPLD is presumably in direct contact with the VBF, is at most 100 m (see SOM text). We used a sphericalshell loading model (24) to calculate deflection of the elastic lithosphere in response to the cap load (25) , seeking the minimum value of elastic thickness, T e , that is consistent with the 100-m value. A T e value of 300 km satisfies this criterion ( fig. S4 ) and can be taken as the lower bound on T e in this region of Mars for the current era.
This exercise can be repeated for the SPLD load, where MARSIS data have been used to effectively strip off the volume of the deposits, revealing the topography of the substrate (26) . It is difficult to estimate a flexural signal here because the substrate consists of rugged highlands topography. There is a tendency in some longitudinal sectors for a decrease in substrate elevation from the periphery toward the center of the SPLD load, although this could be a result of large impact basins near the pole. Smooth-surface fits to the data suggest that the elevation decreases as much as~200 to 250 m, corresponding to a lower bound on T e of 275 to 300 km. This value could reflect solely the noise of the substrate topography, which obscures any smaller flexural signal. Independent of this work, a gravity-topography spectral estimate of the SPLD load response has yielded a T e best-fit estimated value of 140 km, though any T e > 102 km satisfies the data constraints (27) . From the substrate deflections, the lower bound for both polar loads, 300 km, is at least a factor of 3 higher than nearly all previous estimates of T e on Mars (28) .
At present, T e estimates are essentially the only way to infer heat flow and temperatures for the martian shallow interior at points during its history. The most straightforward way to estimate these thermal parameters is to equate, for a given deflection curvature, the bending moment for a given T e to the bending moment of an elastic-plastic lithosphere (29) , where for the latter the temperature dependence enters through a specified viscous creep relation. To calculate the elastic-plastic bending moment, we used a relatively low basal yield stress of 10 MPa, which produces considerable strain at high temperatures in the mantle (30) and errs on the side of producing either higher temperatures for a given lithospheric thickness or thicker lithospheres for the same temperatures. The temperature estimate was adopted from a standard chondritic thermal model for mantle heat flux into the base of the lithosphere and crustal heat-source enrichment (31) ; the model can be scaled up and down from its chondritic values. For a diabase crust (32) and an olivine mantle (30), a 300-km lithosphere corresponds to a wet or dry olivine mantle containing~70 or~80% of chondritic heat sources, respectively (see SOM text).
We tested the plausibility of this result using an inverse approach. We questioned what T e value would be obtained if the polar loads were emplaced with the same chondritic fractions earlier in martian history (say at 3 Ga) and whether this number is consistent with T e values obtained elsewhere on the planet for features of this age. The answer obtained for both wet and dry olivine at the same subchondritic fractions as above is T e1 40 km. This value is on the high side relative to most other estimates made for this epoch (28) , although such estimates carry considerable uncertainty (33) , and most of these T e values arise from areas that are associated with magmatism (e.g., shield volcanoes). Subsurface heat flow has certainly been spatially heterogeneous over the history of Mars, having been anomalously high at the large magmatic centers such as Tharsis and Elysium but less than the planetary average elsewhere, including the polar regions. This is an alternative explanation to the hypothesis of planetwide subchondritic heat sources, though it may be less plausible if these volcanic regions were generated by mantle plumes (34) driven by core energy.
It is possible that the small amount of polar substrate deflection observed results from a transient state of the planet's interior in response to the polar loads. That is, not enough time has passed since the loads were emplaced for the deflection to reach elastic equilibrium. In that case, the 300-km bound on T e is not a valid result; instead, the SHARAD constraint (≤100-m deflection) provides information about the viscosity structure of the mantle. From the discussion above, we suggest that a lower bound on the age of the NPLD is on the order of 1 Ma, taking into account the growth time of the load. We used chondritic thermal models (31, 35) to set up viscoelastic loading models (36) and 
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found that they generated too much deflection (see SOM text and fig. S5 ). This is an alternative way of arriving at the conclusion that Mars probably has subchondritic heat sources.
